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Abstract
The preservation of the transverse emittance of the
LHC type beams in the SPS is a crucial performance
parameter for the LHC. The injection process is
particularly critical in this respect. The requirement for
emittance preservation is trivially simple: the incoming
beam should be optically matched such that dipole,
quadrupole and dispersion errors are zero. Mismatch of
either one leads to emittance increase. Quadrupole and
dispersion errors can be treated statically while dipole
errors are traditionally treated statically and dynamically
with feedback. Decoherence and transverse instabilities
complicate the task and are included in the discussion.
1  INTRODUCTION
The preservation of the LHC beam emittance in the
SPS is simple to formulate but difficult to achieve. The
boundary conditions are extremely clear. The SPS should
deliver a beam with a normalised transverse emittance of
not more than 3.5 m mrad when the PS is requested to
deliver a beam with an emittance of 3 m mrad. A number
of effects will claim their share of the 0.5 m mrad
emittance blow-up budget. They will be grouped into
two families, i.e. static and dynamic errors and/or effects.
Static errors are characterised by a timescale measured in
units of many machine cycles, while dynamic effects are
measured in units of machine turns.
2  STATIC ERRORS
2.1  Dipole mismatch
The transverse feedback will damp injection
oscillations. However it will only be able to handle this
up to a maximum amplitude. If the injection amplitude
is larger, then the emittance blow-up will be out of
tolerance. The task of the static injection oscillation is to
minimise the errors to within the acceptance of the
transverse feedback. This operation only needs to be done
occasionally. However, it will be necessary to check the
state of the injection errors at each injection.
2.2 Dispersion  mismatch
Not only the trajectory of central momentum particle
of the beam needs to be well adjusted but also the
trajectories of the off-momentum particles. This requires
correct matching of the dispersion at the injection point
of the SPS. If this were not the case then the error of the
off-momentum particles will blow up the transverse
emittance. This error cannot be corrected by the feedback
that only treats rigid bunches.
For a beam with a Gaussian longitudinal profile and
r.m.s. relative momentum spread d p/p it is easy to see
that a momentum mismatch D D causes a transverse














where b  and g are the usual relativistic factors and b y
the betatronic function at the place where D D is defined.
It turns out that this blow up in the SPS is less than
0.04 m mrad if the mismatch is kept smaller than 0.25m
at the injection point.
The way to check the dispersion mismatch is to
measure trajectories for several momenta. A probe beam
with small momentum spread is necessary to ensure
sufficient resolution. As a consequence the bunches will
be much longer than nominal. This beam can be obtained
readily in the PS by disabling the bunch compression
prior to ejection. Every position monitor will need to be
equipped with a low frequency (40MHz for example)
system on top of the standard 200 MHz system to
measure these long bunches. The dispersion
measurements are intended for setting-up periods of the
accelerator. It is not expected that the matching varies
once it is statically adjusted, barring hardware failures.
2.3 Betatron  mismatch
Betatron mismatch is a multiplicative effect contrary
to dipole injection errors. The mismatch l  is defined as
the ratio of the injected beam ellipse and the acceptance




Figure 1: Definition of mismatch l.
The emittance blow up is given by[2] :
ε λ λ ε= +( )−12 2 2 0 ,
where e 0 is the input emittance and e  the emittance
after mismatch and filamentation. The emittance blow-up
for the LHC type beam is shown in Fig. 2. To keep the
emittance increase below 0.05 m mrad it is necessary to
ensure that l  < 0.1.
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Figure 2 : Emittance blow-up from betatron mismatch.
Betatron mismatch in the transfer line can be
measured with three successive high resolution emittance
monitors. Increasing their number from 3 to 4 units is
considered a useful improvement of their performance.
The final word of the mismatch will have to be said
in the receiving machine, the SPS. A new interceptive
emittance monitor that will store the beam profiles for
many successive turns will be used for that[3].  It allows
a very accurate check. However this cannot be done on
every injection. Therefore, it is also planned to develop a
non-interceptive quadrupole oscillation monitor [4] that
will play the role of a less sensitive watch dog that may
trigger a measurement session with the accurate and
sensitive turn-by-turn emittance monitor. The presence of
a powerful injection feedback system will alleviate
considerably the pollution of the coherent quadrupole
signal by the dipole signal both at twice the betatron
frequency.
2.4 Multipole errors
The multipole errors in a machine manifest
themselves through high order resonances. They cause
blow-up and beam loss for particles that get trapped in
them. The SPS builders were very careful about this
subject and the multipole content of the machine is small
but not zero. The number-one remedy is to avoid putting
beam on resonances. The experience with the p p−  beam
has shown that this is possible in spite of the limited
room in the tune diagram due to large tune spreads in the
beam.
The coherent detuning cannot be overlooked either. It
has the same sign as the space charge tune shift in the
vertical plane while it opposes the space charge shift in
the horizontal plane[5]. Therefore, the bunch intensities
should be kept reasonably equal to avoid too large tune a
footprint in the vertical plane.
The coupling of betatron oscillations in itself is
harmless. However, if it is too large then the available
tune space is restricted since coupling will forbid a band
around the diagonal with a width equal to the coupling
strength. Since that is the zone where the clean tune room
is maximal it is imperative to correct for coupling,
especially at injection momentum. The tools to do this
exist. The situation is much simpler than in the past for
the Sp pS (one observable and four correctors) since only
the zero order (one observable and one correction) is at
play in the absence of a tune split.
3 DYNAMIC ERRORS
It may be interesting to note that only dipole errors
are considered under this heading. The transverse feedback
plays a key role as remedy and cause[6].
3.1 Basic specifications for transverse feedback
The primary function of the transverse feedback is to
stabilise the beam against the coupled bunch instability
provoked by the resistive wall (RW) impedance. For the
LHC type beam following gain G is required:
G R Q
E e
Z i= ⊥ .
The maximum of G = 0.08 for the ultimate  beam
intensity, occurs at around 3 frev due to the non-uniform
filling of the machine and rolls off to fb/2.
3.2 Optimum correction  of injection  errors
If the bunches were infinitely short and in the absence
of other perturbations operation at any harmonic of the
bunching frequency fb would be acceptable. However,
bunches are not infinitely short and working at a
frequency band different from the base-band will reduce
the quality of the operation.
For signal observation  it is quite acceptable to depart
from the baseband if the beams are bunched at all times.
The transfer function of the monitor and its processing
can be known precisely in the required bandwidth of –
fb/2. All the harmonics below <f> carry the same
information at comparable signal level.
The correction signal imparted to the beam by the
deflector has to obey very strict rules. Among others, it
has to be well matched to the observed signal. That
condition is formally fulfilled only when the deflector is
working in base-band. The convolution between the
correction and the bunch spectrum deviates more and
more from the ideal situation for higher harmonics. The
phase shift between the baseband correction and the
higher harmonic correction will cause blow-up of the
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Figure 3 : Comparison between base band correction
and correction at higher harmonics of the bunching
frequency.
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The time profile of a correction at baseband (ideal
correction) is compared with the time profiles of
corrections done near half and near full r.m.s. bunch
spectral frequency <f>.
3.3 Correction of injection errors
Static injection errors are minimised by beam line
steering. The injection dampers take care of the time
varying part of the injection errors: fast errors on the
injection kicker pulse, slow variations due to power
supply ripple of beam line bending magnets, including
septa will cause differences between successive
injections. The fast kicker rise times define the bandwidth
where the full corrective power of the feedback with
respect to these errors is required.
3.3.1 Error catalogue
• fast kickers
The strength of fast kickers is essentially determined
by the jump that the beam makes at the septum. By
examining the extraction of the PS and SPS and the
injection of the SPS and the LHC it is interesting to
note that the fast kicker deflection normalised for b y and




β = 0 1. .
Combining 2 kickers (extraction and injection) yields:
eK = ≤0 7 0 5. .µ σ .
The error is mainly horizontal, but local tilts will
make it also appear in the vertical plane.
The fast kickers upstream of the SPS damper have a
rise time shorter than 100 ns (PS) which requires a
(power) bandwidth of 5 MHz.
• bending magnets and septa ripple in transfer line
The global ripple on the bending magnets in the
transfer line between PS and SPS yields about the same
error, but in both planes this time :
eB = 0 5. σ .
 
Septa, extraction and injection combined, yield about
half the previous value.
eS = 0 25. σ .
This error is mainly horizontal but coupling will
again cause some leakage to the vertical plane as for the
fast kickers.
The total expected vertical injection error can be
estimated  by combining the previous contributions :
e e e einj K B S o




= + +( ) = ⇒γβ
γσ
β ε. .
3.3.2 Correction of time varying injection errors by
feedback
The active damping of the feedback will be in
competition with the process of filamentation.
Filamentation is caused by tune spread in the beam.
Several origins of tune spreads exist. Non-linear fields are
very small in the SPS and can conveniently be neglected.
Good operational practice will call for extremely small
values of chromaticity such that also this source of tune
spread can be disregarded. This leaves a third but powerful
source, i.e. the direct space charge tune shift. It is given
by[5,7] :
∆Q i Z R
E esc
sc
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The emittance blow-up for the ultimate intensity
beam as function of the feedback gain is shown in Fig.
4. The additional gain of the feedback that is required to
keep the blow-up down to reasonable values is larger
than the basic gain for stability. Table 1 summarises the
relevant data leading to the deflection strength of the
feedback kicker.









Figure 4 : Emittance blow-up versus feed back gain.
Table 1 : Gain and deflection requirements for SPS






total gain 0 . 1 8
deflection ( b= 45 m) m rad 6.3
E dl⊥∫ k V    1 6 5
power band-width MHz 5
It may be interesting to pause and reflect on the
requirements of the feedback in presence of the small
emittance commissioning beam. The incoming emittance
of this beam is 3 times less than the nominal one and its
intensity is 10 times less. Evidently the dynamic errors
will be the same. The space charge tune spread will be a
factor of 3 less causing a much longer coherence time and
making the feedback more efficient. The end result is that
for the same hardware gain the expected emittance
increase for the commissioning beam is ~ 0.06 m mrad
which is acceptable.
3.4 Emittance  conservation  during injection
coast and  acceleration
It is obvious that the feedback must stay active
outside the injection times to keep the beam stable. The
beam, driven by the instability, will oscillate during that
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time up to the observation limit of the system. The
observation limit is determined by the highest noise level
in the feedback loop. If digital processes are used then
this level can be LSB/Ö 12 if it is larger than the
equivalent analog noise. The persistent oscillation will












where x  is the r.m.s. noise level expressed in units
of beam position. Most position monitors are sensitive
to the dipole moment of the beam. Hence the position
resolution will be worst with the lowest intensity. Table
2 gives a summary assuming a noise figure of 20 dB in
the BPM processing electronics, which is a reasonable
value for several types of processing.
Table 2 : Resolution and emittance blow-up in SPS
noise level m V 40
effective monitor Z W / m 40
resolution A• m m 1
average coast time sec 7.2
max blow-up m mrad 0.1
max rate m mrad/s 0.014
max x  for max rate m m 4
dynamic (digital) 5300
analog x  for ultimate (1.09 A) m m 0.9
analog x  for nominal (0.64 A) m m 1.5
The analog resolution is adequate. The required
dynamic range is impressive. If digital processing is
included then the quantization value should not be larger
than x Ö 12 = 15 m m requiring a dynamic range of 5300.
This requirement can be alleviated by reducing the
electronic aperture while keeping the quantization limit.
The reduced aperture should ofcourse still be large enough
to accommodate closed orbit deviations and injection
errors.
4 CONCLUSION
The emittance conservation of the LHC type beam in
the SPS is difficult but feasible. Every operational phase
of the SPS claims a part of the emittance blow-up budget
of 0.5 m mrad. Excellent instrumentation and reliable
operational procedures are of prime importance. A final
beam quality control measurement of the beam size in
the form of a undisputed profile measurement with
wirescanners is vital.
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